Several microbial molecules are released to the extracellular space in vesicle-like structures. In pathogenic fungi, these molecules include pigments, polysaccharides, lipids, and proteins, which traverse the cell wall in vesicles that accumulate in the extracellular space. The diverse composition of fungal extracellular vesicles (EV) is indicative of multiple mechanisms of cellular biogenesis, a hypothesis that was supported by EV proteomic studies in a set of Saccharomyces cerevisiae strains with defects in both conventional and unconventional secretory pathways. In the human pathogens Cryptococcus neoformans, Histoplasma capsulatum, and Paracoccidioides brasiliensis, extracellular vesicle proteomics revealed the presence of proteins with both immunological and pathogenic activities. In fact, fungal EV have been demonstrated to interfere with the activity of immune effector cells and to increase fungal pathogenesis. In this review, we discuss the impact of proteomics on the understanding of functions and biogenesis of fungal EV, as well as the potential role of these structures in fungal pathogenesis.
Introduction
In most eukaryotic cells, secretion is a sophisticated biological process that functions to traffic proteins to the plasma membrane and/or to the extracellular space [1] . Eukaryotic secretion occurs through mechanisms that are finely regulated at different cellular levels [1, 
Export of macromolecules in fungi requires EV
The mechanisms by which molecules produced by fungal cells are transported across the cell wall remained unknown until very recently. The cell wall is mainly composed of polysaccharides and proteins [6] , but early reports suggested that lipids could be transitory components of this cellular compartment [15, 16] . Moreover, studies combining electron microscopy and the freeze-etching technique suggested the association of membrane vesicles with the cell wall of fungi four decades ago [17, 18] . Approximately thirty years later, a cell-wall lipid was fully characterized in a fungal species for the first time, and its association with cell-wall vesicles was again proposed [19] . Together, these reports suggested that cell-wall lipids could be components of carrier vesicles involved in the transport of macromolecules to the extracellular space. This hypothesis, raised in many of these early reports, was experimentally confirmed only about five years ago in the human pathogen Cryptococcus neoformans [20] . In this organism, polysaccharide-containing vesicular structures were isolated from culture supernatants, supporting the hypothesis that vesicular cell-wall transport could represent a fungal solution for the delivery of extracellular components, as illustrated in Figure 1 . After the initial description and further confirmation of the existence extracellular vesicles (EV) in C. neoformans [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , analogous compartments were found in Paracoccidioides brasiliensis [32] [33] [34] [35] , Histoplasma capsulatum [21] [22] [23] , Sporothrix schenckii [23] , Candida albicans [23] , C. parapsilosis [23] , Saccharomyces cerevisiae [23, 36, 37] , and Malassezia sympodialis [38] . Similar findings were observed for plant cells [39] .
In eukaryotes, protein secretion or exocytosis follows a conventional endoplasmic reticulum-trans-Golgi network-plasma membrane route, where a finally coordinated network of vesicle transport promotes vesicular fusion with the plasma membrane and release of cargo to the extracellular space [1] . The characterization of fungal EV implied the existence of alternative mechanisms of secretion by which vesicles would be transported through the plasma membrane. EV can have multiple mechanisms of biogenesis [4] , which usually results in compositional divergence. In this regard, recent proteomic studies suggest that fungal EV have complex and still obscure mechanisms of biogenesis that may share similarities with those described in mammalian cells [23, 24, 35, 37] . The principal features of EV produced by fungi will be discussed in the next sections.
Characterization of fungal EV in different species: a great molecular diversity
In C. neoformans, EV were first identified with classic cell biology tools. By transmission electron microscopy, vesicles that were isolated from culture supernatants were demonstrated to contain bilayered membranes. They manifested various sizes and morphologies, including electron-dense and electron-lucid vesicles, vesicular structures with membrane-associated electron-dense regions, and vesicles containing hyper-dense structures resembling a dark pigment [20, 24] . These vesicles were found to be associated with inner and external layers of the cell wall [20] , suggesting an involvement in trans-cell wall traffic. Serological approaches revealed the presence of polysaccharides and proteins that were recognized by sera from human individuals infected with C. neoformans [20, 24] . Mass spectrometry (MS) analysis of lipids revealed the presence of sterols and glucosylceramide [20] , a glycolipid component of the fungal cell wall [19] .
A more comprehensive characterization of C. neoformans EV was only achieved when vesicle samples were analyzed by proteomic-based approaches [24] . More than seventy proteins were identified in the C. neoformans EV. Surprisingly, most of these proteins lacked the characteristic signal peptide required for conventional secretion [24] . Protein classification revealed very diverse cellular processes; most of them were not related to conventional secretory mechanisms. This observation, which had precedents in mammalian systems [40, 41] , suggested that fungal EV also derived from unconventional and/or still unknown pathways of secretion.
The combined use of serology, biochemistry, and MS led to the identification of polysaccharides, phospholipids, neutral lipids, and seventy-six proteins as EV components secreted by C. neoformans [20-22, 24-26, 42] . Under conditions of higher sensitivity, however, similar samples from other species were analyzed and the results revealed an interesting complexity in the composition of fungal EV (Table 1 ). In the human dimorphic pathogen H. capsulatum, the number of proteins validated was much higher (n = 283) than that found for C. neoformans [23] . Protein categorization, however, revealed many similarities in vesicle samples from both species. Similarly, the S. cerevisiae EV proteome using samples produced by eight different strains had many similarities to the protein categorization observed for C. neoformans and H. capsulatum [37] . Finally, proteomic analysis of vesicles released to the extracellular space by the human pathogen P. brasiliensis allowed characterization of 205 proteins [35] . In that study, the EV proteomes of P. brasiliensis, C. neoformans, H. capsulatum, and S. cerevisiae were finely compared, revealing an effective overlapping in protein composition (Figure 2 ). Indeed, twenty-six proteins were identified in all four species analyzed, while seventy-two proteins were common to P. brasiliensis and at least two other species [35] . Proteomic analysis of EV produced by C. albicans revealed that a similar protein classification is also observed for this fungal pathogen (G. Vargas and L. Nimrichter, unpublished observations). On the other hand, EV proteomic analyses have demonstrated interesting species-specific particularities. For instance, the cell division proteins septins were described in P. brasiliensis EVs, but not in similar preparations from other species [35] . In S. cerevisiae, five GPI-anchored proteins (aspartyl protease, endoglucanase and three GPI-anchored proteins of unknown functions) that are absent in EVs from H. capsulatum, P. brasiliensis and C. neoformans were characterized [37] , suggesting the existence of species-specific mechanisms of export of this class of glycoproteins. UDP-glucuronic acid decarboxylase and UDP-glucose dehydrogenase, two enzymes that are essential for the metabolism of glucuronic acid, were only identified in C. neoformans EVs [24] , a finding that is probably related with the abundance of this carbohydrate residue in the cryptococcal capsule. These particularities may suggest species-specific, EV-related physiological events. However, as well pointedout by Vallejo and colleagues [35] , the comparative analysis between EVs produced by different species has to be extremely careful, considering that the variations in experimental conditions and amount of sample used in each study could affect the identification of different fungal orthologues.
EV produced by fungi mostly contain proteins related to diverse metabolic processes. Other classes found in vesicle samples mainly included cell organization and biogenesis, molecular transporters, carbohydrate metabolism, stress response, protein biosynthesis and degradation, among others [23, 24, 35, 37] . It is worth mentioning that proteins required for cell-wall modeling, including different glucanases and glucanosyl transferases, were consistently identified in fungal EV (n = 24 in S. cerevisiae, for instance) [37] . This observation may be related to regular processes of cell wall synthesis, but also to still unknown mechanisms of vesicle passage through this cellular barrier. Stress-related proteins, as well as peptidases, vacuolar and secretory proteins have been repeatedly identified by proteomic approaches [23, 24, 35, 37] . Noteworthy, many of the proteins found in fungal EV play moonlight functions. Enolase, for instance, has been found in EV from all the species examined so far [23, 24, 35, 37] . This enzyme, which plays a key and wellknown role in glycolysis, interacts with plasminogen and promotes adhesion to host cells in the P. brasiliensis model [43] . In C. albicans, enolase is an effective immunogen with promising perspectives of application in both prophylactic and diagnostic protocols [44] [45] [46] . Similarly, other glycolytic enzymes with moonlight functions were described in fungal vesicles [17, 23, 24, 35, 37] .
Although the protein composition of fungal EV is multifaceted in many aspects, most of the proteins identified in these preparations are putatively functionally connected with one or more molecules within the vesicular proteome [37] , as illustrated for S. cerevisiae vesicles ( Figure 3 ). Of note, proteins targeted to the endoplasmic reticulum and the secretory pathway represent the minority of the molecules carried by fungal EV [23, 24, 35, 37] . This information and the fact that molecules that do not contain any molecular tag directing them to conventional processes of secretion (e.g. polysaccharides and pigments) are components of fungal EV [20, 24, 26, 33 ] strongly suggests, once more, the participation of unconventional and maybe still unknown mechanisms of secretion and vesicle biogenesis. Therefore, one can conclude that the still embryonic proteomic and biochemical studies on EV produced by fungi revealed the existence of membrane-containing compartments at least composed of lipids, polysaccharides, and proteins that, in general, did not engage the conventional pathway of secretion.
Biogenesis of fungal EV: the S. cerevisiae model
The discovery of EV produced by fungi was based on studies with the C. neoformans model [20] , as mentioned before. This fungus, however, is well known to produce massive amounts of extracellular polysaccharides, which hinder proteomic protocols. S. cerevisiae, on the other hand, is an efficient producer of EV [23, 37] that has been serving as a model for studies on secretion mechanisms in eukaryotes for the last thirty years. In this regard, the pioneering work by Schekman and colleagues with S. cerevisiae unraveled the role of the SEC genes and secretory vesicles in conventional, post-Golgi secretion [47] . S. cerevisiae had also been fundamental for studies on the role of the endosomal sorting complex required for transport (ESCRT) pathway, which is a key mediator of multivesicular bodies (MVB) biogenesis [48] . Upon fusion of MVB with the plasma membrane, EV defined as exosomes are released by eukaryotic cells [49] , which consists of a key pathway of unconventional secretion [4] . Therefore, defects in MVB formation are expected to influence exosome biogenesis and unconventional mechanisms of secretion. Another distinctive attribute of the S. cerevisiae system is the availability of mutants with defects in classic and/or unconventional pathways of secretion [50] .
Mutant strains with defective MVB formation [48] were natural candidates to evaluate whether exosomal formation was related to EV in yeast cells; sec mutants [51] were selected to evaluate whether events of the post-Golgi conventional secretion were required for the formation of fungal EV. Semi-quantitative proteomic analysis of vesicular protein abundance strongly suggested that compartments related to the MVB-derived pathway of exosomal formation were required for formation of EV in S. cerevisieae [36, 37] . For instance, mutants with defects in MVB formation produced vesicles in which the abundance of more than 30% of the protein set was modified relative to similar samples produced by wild type cells [37] . Interestingly, vesicles produced by one of the MVB mutants (snf7Δ) had significantly decreased levels of proteins that were not related to processes associated to secretion or MVB function, including cyclophilin [37] . This protein supposedly interacts with thirty-four other molecules in S. cerevisiae cells, including components of the secretory machinery and cell wall assembly [52, 53] . This observation efficiently illustrates the hypothesis that vesicular proteins with no apparent connections with secretory mechanisms may be required for vesicle formation, which adds considerable complexity to the understanding of how fungal EV are generated.
Vesicle release was not turned off in any of the S. cerevisiae MVB mutants [37] . This observation probably reflects the fact that, in eukaryotes, multiple cellular pathways are required for formation of EV, including different mechanisms of unconventional secretion [2] [3] [4] . For instance, in Dictyostelium discoideum, Pichia pastoris, S. cerevisiae and C. neoformans, it has been suggested that Golgi reassembly and stacking protein (GRASP), a regulator of unconventional protein secretion, is required for secretory mechanisms that may involve EV, autophagy genes, early endosomal compartments, and MVBs [4, [54] [55] [56] [57] . In fact, a S. cerevisiae mutant lacking GRASP expression showed a decreased content of EV, in comparison with wild type cells [37] . In different eukaryotes, GRASP is primarily Golgiassociated, although other cellular sites have been suggested [58, 59] . Therefore, the decreased efficacy of the S. cerevisiae GRASP mutant to produce EV may suggest an importance of Golgi components in extracellular vesicle formation. Accordingly, conventional, post-Golgi secretory pathways are apparently also involved with the biogenesis of fungal EV. In S. cerevisiae, mutation of one of the SEC genes (SEC4) was associated with a delayed release of vesicles to the extracellular space [37] . This finding is in agreement with the view that fungal EV may not correspond uniquely to conventional exosomes, as recently proposed [60] . Nonetheless, it is noteworthy to mention that postGolgi vesicles are targeted to and fuse with the plasma membrane [1, 51] . Therefore, it remains elusive how defects in Sec proteins would affect vesicle transport across the cell wall. The observation that not all secretory vesicles fuse with the plasma membrane (reviewed in [61] ) may support findings with the S. cerevisiae sec4Δ mutant [37] and with a C. neoformans sec6Δ mutant that also showed altered EV release [60] . Altogether, these findings are in agreement with the view that extracellular release of vesicles in fungi is a multifactorial cellular mechanism of high complexity [5, 21, 22, 36, 42] , which may involve significant redundancy. However, the possibility that the mutations tested until know are affecting different types of vesicles cannot be ruled out, since the methods currently used for EV purification do not discriminate between vesicles of different origins.
The studies discussed above make clear the complexity associated with the biogenesis of fungal EV. A similarly obscure perspective is associated with the mechanisms by which fungal vesicles traverse the cell wall, which are virtually unknown. In this context, the need for new experimental tools seems crucial. In this sense, Huang and colleagues [28] recently generated a C. neoformans strain bearing a fluorescent vesicle marker. Marker selection was based on previous proteomic studies that identified the C. neoformans 14-3-3 protein as one of the most abundant proteins in EV [24] . For direct visualization of vesicles, the green fluorescence protein (GFP) was fused to the C-terminus of 14-3-3. The expression of the 14-3-3-GFP fusion gene was driven by the actin-1 promoter, and the construct containing the fusion gene was successfully introduced into C. neoformans. The generation of a fluorescent EV marker has already allowed functional studies of pathogenesis [28] . Nevertheless, this experimental tool seems to be extremely useful in studies for investigating traversal of the cell wall by fungal vesicles, as well as in experiments focused on the cellular biogenesis of vesicles that are further targeted to the extracellular milieu.
Biological functions of fungal EV: the 'virulence bags'
The combined use of serology, biochemistry, proteomics, and lipidomics led to the identification of polysaccharides, phospholipids, neutral lipids, and proteins as extracellular vesicle components in fungi [20, 24-26, 33-35, 37, 38] . Therefore, it is now well accepted that fungal EV are carriers of distinct molecules to the extracellular space. In fungal pathogens, this array of molecules includes a wide range of virulence determinants [20, 23, 24, [33] [34] [35] . The vesicular transport in fungi may even include the release of nucleic acids to the extracellular space [31] , as described for mammalian exosomes [62] . Therefore, the concentration of such a complex array of molecules in vesicular compartments could influence the interaction of fungal pathogens with host cells, as illustrated in a number of studies. For instance, the principal virulence factor of C. neoformans is exported through vesicular traffic [20] . A similar glycan is exported to the extracellular space in secretory vesicles produced by P. brasiliensis [33] . In C. neoformans and H. capsulatum, vesicular components reacted with immune serum from patients with cryptococcosis and histoplasmosis [23, 24] , respectively, revealing an association of the vesicular products with serological markers produced during disease. Finally, in the Paracoccidioides model, anti-α-Gal antibodies isolated from paracoccidioidomycosis patients efficiently recognized vesicle components containing α-Gal epitopes, which are highly immunogenic to humans [32, 63] .
In addition to inducing humoral responses, EV isolated from different fungal pathogens were recently reported to interfere with the physiology of host cells [27] and with the course of animal infection [28] . It has been suggested that C. neoformans produce EV during tissue infection [20] . In addition, in vitro studies demonstrated that mammalian macrophages can incorporate cryptococcal EV, resulting in increased levels of tumor necrosis factor alpha (TNF-α), interleukin-10 (IL-10), transforming growth factor β (TGF-β), and the antimicrobial compound nitric oxide [27] . This response apparently required receptormediated internalization of the EV, as inferred from the kinetics of vesicle distribution after exposure to the phagocytes. The modulation of macrophage physiology by C. neoformans vesicles resulted in more effective killing of the fungus [27] , but the effects of cryptococcal vesicles on host cells are apparently not restricted to macrophages. In the presence of purified EV, C. neoformans showed enhanced adherence to human brain microvascular endothelial cells (HBMECs) and increased efficacy in traversing the blood-brain barrier [28] . However, in HBMECs the cryptococcal vesicles appeared to fuse with cell membrane inducing the redistribution of lipid raft components. The C. neoformans vesicles also caused global effects during infection. Vesicle administration to mice before infection with C. neoformans enhanced brain colonization [28] . In M. sympodialis, the vesicular delivery of allergens was associated in increased levels of IL-4 and TNF-α in vitro and in vivo [38] . Therefore, it is now clear that fungal EV are efficient modulators of cellular responses (Figure 4) , a property that is likely related to the mechanisms by which vesicular components are made accessible to host cells. In this sense, it has been recently demonstrated that serum albumin mediates destabilization of fungal EV [30] , which is likely to occur in vivo.
In other models, exosomal preparations from dendritic cells are being investigated as potential anticancer vaccines [64] . In fungi, experimental evidence suggests that EV can induce antimicrobial activity in macrophages [27] , but also increase fungal pathogenesis in vivo [28] . Fungal cells indeed export several molecules with conflicting pathogenic functions. For instance, GXM, the major C. neoformans virulence factor and also a vesicular component, protects the fungus against phagocytosis and inhibits leukocyte migration (reviewed in [65] ). However, this polysaccharide, in its capsular form, is also an efficient inducer of the activation of the alternative pathway of the complement system, which results in the deposition of opsonins in the capsule and increased phagocytosis [65] . Such example reveals the enormous complexity in predicting whether fungal EV would contribute to enhancement of pathogenesis or induce protective immune responses. Therefore, the combination of apparently contradictory results [27, 28] and a highly complex molecular composition [17, 20, 23-26, 31-35, 37] turns the response of host cells to EV preparations virtually unpredictable. In this context, new models to investigate the functions of fungal EV during infection are crucial.
Conclusion and future thoughts
The advances in the understanding of the biochemical and functional properties of fungal EV in the last five years are incontestable. Several questions, however, remain unanswered, and some of them are fundamental for the comprehension of how fungal EV are formed and how they impact fungal pathogenesis. Proteomic tools have been extremely useful for the determination of the composition of fungal EV [23, 24, 35, 37] , but results obtained so far have not discriminated between vesicle populations of different cellular origins. Therefore, a first challenge in the field is the development of methods allowing separation of vesicle populations with different biochemical and physical chemical properties for new proteomic determinations and further comparison with existing data. Centrifugation gradients have been tested, but the yields were unsatisfactory and the efficacy of separation was questionable [20, 25] . As an alternative approach quantitative proteomic analysis of vesicles derived from several strains defective in different components of conventional and unconventional secretory pathways could expand the catalog of proteins secreted by each route. These proteins could be further used as molecular markers to differentiate distinct vesicle populations. A second challenge is the establishment of protocols to evaluate whether fungal EV are produced in vivo. Until now, attempts to isolate fungal vesicles from host tissues and fluids have been unsuccessful, which may have a connection with the proposition that fungal EV are short-lived in vivo [30] . Nevertheless, the development of fungal strains producing fluorescent vesicles [28] will likely bring considerable progress to the field. A third challenge is to unravel how fungal vesicles traverse the cell wall. So far, this is probably one of the most puzzling topics within the field of fungal EV. However, the advance of new microscopy tools such as electron tomography suggests that it is now possible to examine the architecture of the fungal cell in a deeper level of detail, which will probably improve the comprehension of how fungal vesicles are released extracellularly. Another challenge is to understand the cellular signals that trigger vesicle secretion and markers that sort proteins into the vesicles. The recent advances in the analysis of protein post-translational modifications, such as phosphorylation, acetylation, and ubiquitination, open a great opportunity to study these events. For instance, exosomes from a B cell-like cell line was shown to have ubiquitinated proteins [66] ; however, whether ubiquitination is required to sort proteins into exosomes and its mechanism is still a question to be answered. Finally, it remains unknown whether fungal EV can act as vehicles of intercellular communication, as described for mammalian EV [67] . Assays aiming at determining whether fungal vesicles can be transferred from one cell to another promoting regulation of signaling pathways and modification of gene expression will probably be useful to address this question. In addition, the demonstration that fungal EV can modify the status of activation of immune cells [27, 38] strongly suggests that these molecular cargo carriers can interfere with different pathways regulating the physiology of mammalian cells.
Highlights

►
The discovery of fungal extracellular vesicles as trans-cell wall carriers of proteins, lipids, and polysaccharides. Comparative analysis of proteins identified in EV obtained from different fungal species. Overlapping groups are shown in gray/black. Reproduced with permission from [35] . Illustration of the functional interrelationship in the collection of vesicular proteins obtained from S. cerevisiae culture supernatants. For protein identification according with each individual code, see [37] . Credits to Oliveira and colleagues, PLoS ONE 5(6): e11113. doi: 10.1371/journal.pone.0011113. A model of interaction of fungal EV with host cells, using C. neoformans as a prototype. Vesicles delivered by fungal cells reach the extracellular environment and interact with host cells. Membrane fusion was observed in HBMECs [28] and receptor-mediated internalization by macrophages has been suggested [27] . The consequences of the exposure of host cells to fungal EV are listed on the right. Cap, capsule; CW, cell wall; Cyt, cytoplasm. In HBMECs, fungal vesicles appear in green (GFP); the plasma membrane was stained in red with a rhodamine-conjugated antibody to the surface marker CD44, and the nucleus was stained in blue with DAPI. For details, see [28] . In macrophages, fungal EV were stained in red with the DiI dye; the plasma membrane was stained in green with FITClabeled cholera toxin subunit B, and the nucleus was stained in blue with DAPI. For details, see [27] . Credits of the BMEC panel to Huang and colleagues, PLoS ONE 7(11): e48570. doi:10.1371/journal.pone.0048570. 
